Abstract Parkinson's disease (PD) is a neurodegenerative disease with a long preclinical phase. The continuous loss of dopaminergic (DA) neurons is one of the pathogenic hallmarks of PD. Diagnosis largely depends on clinical observation, but motor dysfunctions do not emerge until 70%-80% of the nigrostriatal nerve terminals have been destroyed. Therefore, a biomarker that indicates the degeneration of DA neurons is urgently needed. Transcription factors are sequence-specific DNA-binding proteins that regulate RNA synthesis from a DNA template. The precise control of gene expression plays a critical role in the development, maintenance, and survival of cells, including DA neurons. Deficiency of certain transcription factors has been associated with DA neuron loss and PD. In this review, we focus on some transcription factors and discuss their structure, function, mechanisms of neuroprotection, and their potential for use as biomarkers indicating the degeneration of DA neurons.
Introduction
Parkinson's disease (PD) is the most common neurodegenerative disorder accompanied by movement dysfunction. Pathologically, PD is characterized by the presence of cytoplasmic inclusions in dopaminergic (DA) neurons termed Lewy bodies (LBs) and the continuous loss of DA neurons in the substantia nigra pars compacta (SNc) [1] . Decreased dopamine levels in the dorsal striatum trigger the classical clinical manifestations following the selective loss of DA neurons. Great accomplishments have been achieved in past decades regarding our understanding of the pathological mechanisms underlying PD; however, the etiology of DA neuron loss in PD still remains to be elucidated. The death of DA neurons is considered a signal of symptom onset. The drug management generally used today aims to relieve the symptoms by improving the dopamine levels in the midbrain or by stimulating dopamine receptors. However, these motor dysfunctions do not emerge until 70%-80% of nigrostriatal nerve terminals have been destroyed. And the loss of DA neurons cannot be rescued or reversed by drug administration [2] . It seems that early intervention is the most effective measure for coping with PD. Sensitive and specific diagnostic methods are urgently needed to predict the death of DA neurons in the preclinical phase. Fortunately, several biomarkers have been suggested as potential candidates for detecting the death of DA neurons even before the emergence of motor dysfunction.
A biomarker is a measurable indicator reflecting normal or abnormal biological processes [3] . Comprehensive information about the nature of any particular disease can be acquired from specific changes in pathological, biochemical, and genetic processes, in addition to clinical observation. An ideal biomarker should be sensitive, reproducible, fully validated, easy to measure, and cheap [4] . Biological fluids are the most common material used for biomarker testing. Among these, cerebrospinal fluid (CSF) may be the most sensitive source for evaluating PD pathology, due to its close association with the degeneration process of neurons. Different CSF markers are used for routine differential diagnosis in amyotrophic lateral sclerosis and Alzheimer's disease. Other fluids like plasma, urine, and saliva that are easier to obtain are also promising candidates for biomarker testing, since their sampling is more likely to be accepted by patients.
As for PD in particular, the optimal biomarker should reflect the degeneration of DA neurons. Transcription factors are sequence-specific DNA-binding proteins that regulate RNA synthesis from a DNA template. The precise control of gene expression is vital for the development, maintenance, and survival of neurons. Moreover, apart from modulating transcription processes, transcription factors have additional functions that are also of critical significance for regulating neuron survival. An imbalance in the levels of transcription factors can be induced by oxidative stress, mitochondrial dysfunction, neuroinflammation, and neurotoxins, leading to the dysregulation of gene expression and degeneration of DA neurons in PD [5] . In this review, we focus on several critical transcription factors including myocyte enhancer factor 2 family (MEF2), nuclear receptor related 1 (Nurr1), paired like homeodomain 3 (Pitx3), and engrailed homeobox 1/2 (En1/ 2). We discuss their structure, function, mechanisms of neuroprotection, and their potential for use as biomarkers to indicate the degeneration of DA neurons. The dysregulation of signaling pathways in PD is also summarized for a better understanding of the death of DA neurons.
Transcription Factors Involved in Maintaining the Function and Survival of DA Neurons
There have been great achievements in recent years regarding our understanding of the genetic and signaling networks that control the generation, maintenance, and survival of DA neurons. Transcription factors play a crucial role in illuminating the processes underlying the degeneration of DA neurons. It is therefore important to elucidate the mechanisms behind these transcription factors during development and later stages in DA neurons. These mechanisms can provide novel insights into PD pathogenesis and suggest clinical biomarker utilization.
Mature DA neurons express elevated levels of tyrosine hydroxylase (TH), dopamine transporter (DAT), vesicular monoamine transporter 2 (VMAT2), dopa decarboxylase, among others. They are thought of as phenotypic markers that determine the identity of the mature DA neuron. Transcription factors are implicated in the expression of phenotypic markers. The number of SNc neurons is greatly reduced and they no longer express TH in Pitx3-deficient mice [6] . When the Nurr1 gene is deleted (Nurr -/-), mice have poor motor function and histopathological examination shows that DA neurons are decreased in the midbrain.
TH and DAT, as well as aromatic amino-acid carboxylase, are absent from the nigrostriatal pathway [7, 8] . There is also an indication that En1/2 participates in the acquisition of DA neuronal identity by interacting with other factors [9] .
Neurotrophic factors (NTFs) are peptides essential for the growth, maturation, and survival of neurons and axons. The levels and functions of these factors have been associated with PD. It has been reported in a genome-wide analysis that brain-derived neurotrophic factor (BDNF) is one of the transcription targets of MEF2s [10] , which differently regulate the transcription of BDNF in response to neuronal depolarization [11] . In addition, Nurr1 has been shown to regulate the transcription of BDNF in rat midbrain primary cultures. BDNF mRNA and protein are down-regulated following the decreased expression of Nurr1. Reporter gene assay experiments have shown that BDNF is a direct target gene of Nurr1 [12] , which also modulates the expression of the glial cell line-derived neurotrophic factor (GDNF) receptor Ret. GDNF signaling is disrupted in nigral DA neurons when Nurr1 is downregulated by treatment with a-synuclein [13] . Pitx3 can increase the production of BDNF and GDNF in transfected astrocytes. This has also been confirmed in SH-SY5Y cells and primary ventral mesencephalic cultures [14, 15] . Moreover, BDNF has been reported to be regulated by GDNF, and Pitx3 is also involved in this regulation of BDNF [16] .
The etiology of DA neuronal degeneration is not fully understood; however, stress is thought to be one of its major causes. Mitochondrial toxins have been identified to induce animal models of PD including those using MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), 6-OHDA (6-hydroxydopamine), and paraquat. Apoptosis of DA neurons is also attributed to endoplasmic reticulum (ER) stress in vivo and in vitro. MEF2s have been shown to be post-translationally modified when exposed to certain kinds of stimuli. Nitrosative stress-induced dysfunction in MEF2-PGC1a (peroxisome proliferator-activated receptor gamma coactivator 1-alpha) transcription accounts for apoptotic cell death in the isogenic human induced pluripotent stem cell model of PD [17] . In addition, Nurr1 has been reported to play a role in the resistance to oxidative stress, as revealed by microarray analyses. Nurr1 can shuttle between the cytosol and the nucleus when exposed to oxidative stress [18] . Nrf1 and certain genes for antioxidant enzymes are direct targets of Pitx2/3. Reactive oxygen species levels are excessively upregulated in double conditional Pitx2/3 mouse mutants, leading to DNA damage and apoptosis of differentiating cells [19] . Engrailed homeoprotein is a neuroprotective transcription factor in PD. Injection of engrailed-2 can restore heterochromatin markers, decrease DNA strand breaks, and defend DA neurons against oxidative stress [20] .
Certain transcription factors are also involved in other mechanisms that protect DA neurons. MEF2D has been shown to regulate the production of interleukin-10 to protect DA neurons [21] . Nurr1 has an important function in sustaining respiratory activity. Transcription factors have a close relationship with PD and they maintain the function and survival of DA neurons via multiple mechanisms.
Transcription Factors and Parkinson's Disease Defective Transcription Factors in DA Neuronal Degeneration
Several transcription factors maintain the survival of neurons via canonical functions to regulate gene expression and additional functions including translation modulation, oxidative stress resistance, and others. MEF2s, Nurr1, Pitx3, and En1/2 are prominent transcription factors that play vital roles in the development, maintenance, and survival of DA neurons. They accomplish these functions by interacting with different kinds of signaling pathways to maintain the homeostasis of mitochondria, decrease ER stress, regulate neuroinflammation, and modulate other biological processes. Studies have shown that they are defective and tend to be suppressed in PD animal models and patients with PD ( Fig. 1 ). These transcription factors are directly involved in the survival of DA neurons and therefore have the potential to be biomarkers indicating the death of DA neurons and indicating PD even in the preclinical phase.
MEF2 Proteins
The MEF2 proteins are members of the MADS (MCM1-agamous-deficiens-serum response factor) family of transcription factors, composed of MEF2-A, -B, -C, and -D proteins [22] . The first 56 amino-acids at the N terminus, termed the MADS-box, generally bind to A/T-rich DNA sequences. The MEF2 domain, adjacent to the MADS-box, binds preferentially to the consensus sequence 5'-CC(A/ T)(T/A)AAATAG-3' [23] . The C-terminal portion of MEF2 proteins contains the transcriptional activation domain, as well as a number of regulatory minidomains including a nuclear localization sequence and multiple phosphorylation motifs [24] . MEF2 family members regulate the expression of many genes regulated by neuronal activity, including ARC (activity-regulated cytoskeletonassociated protein), BDNF, and HOMER1A (Homer protein homolog 1) [25] . As noted earlier, BDNF is a neurotrophic factor for DA neurons [26] . In addition, MEF2 family members are regulated by several kinases and post-translational regulatory mechanisms, which are critical for the control of their function [27] [28] [29] [30] [31] [32] .
Studies have implied that MEF2A/C/D-knockout (KO) mice have early postnatal lethality with increased neuronal apoptosis, indicating a pivotal role of the MEF2 factors in neuronal survival [33, 34] . The first data revealing the role of MEF2s in neuronal survival were provided by research studying the mechanisms of neuronal activity-dependent survival. The authors found that phosphorylation of MEF2C by p38 activates its function and promotes neuronal survival [35] . MEF2A has been suggested to contain a p38 MAPK (mitogen-activated protein kinase) docking site in its crystal structure. The p38-MEF2 pathway has been shown to be important for the development, proliferation, and survival of neurons. The p38-MEF2 pathway has been shown to mediate the antiapoptotic effect in neurodegenerative disease. MEF2s are also involved in different cellular activities and functions that help the cell to resist various stimuli including oxidative stress and neurotoxins [36] . Results from earlier studies have shown that the function of MEF2D is maintained partly by adequate CMA (chaperone-mediated autophagy) activity while a-synuclein disturbs this degradation process. MEF2D is a neuronal survival factor in PD, and deregulation of the CMA-MEF2D pathway may be a cause of PD [37] . Gao et al. implied that oxidization of the survival factor MEF2D is induced by 6-OHDA, and that it plays a critical role in oxidative stress-induced DA Fig. 1 Involvement of nuclear transcription factors in PD pathogenesis. In PD, all kinds of stresses (neurotoxin, aging, oxidative stress, etc.) lead to the dysregulation of the nuclear transcription factors MEF2s, Nurr1, Pitx3 and En1/2 and thereby disrupt their functions, contributing to the death of dopaminergic neurons. neuronal death [30] . MEF2D directly regulates the expression of the ND6 gene, a component of mitochondrial complex I. When treated with rotenone, the DNA-binding of MEF2D is weakened, resulting in decreased levels of ND6 protein and reduced ATP production [38] . Interestingly, MEF2D can also maintain cell survival via regulating interleukin-10 production in microglia [21] . The PD animal models used now are induced by different kinds of neurotoxins, including MPTP, 6-OHDA, and rotenone [39] . Motor syndromes and DA neuronal loss are seen after the injection of the toxin. Adequate evidence suggests that proteins and mRNAs of MEF2s are destabilized after using neurotoxin [40] [41] [42] [43] ; therefore, there is a close correlation between MEF2 levels and the death of DA neurons.
NR4A2 (
Nurr1 (also named NR4A2) belongs to an NR4A subgroup of the nuclear receptor superfamily that is part of the ligand-activated transcription factor family. The transcription factor is composed of four parts: the modulator domain in the N-terminal, the DNA-binding domain, the ligandbinding domain, and the C-terminus named transactivationdependent activation function 2. Nurr1 can work in the form of a monomer or a homodimer. Moreover, it can function effectively by binding with retinoid X receptors to form heterodimers. The first time Nurr1 was associated with PD was for its critical role in the development of midbrain DA neurons [44] . Its significant function has been validated in Nurr1-deficient mice, in which the number of DA neurons is greatly decreased [45] . In addition, the expression of Nurr1 seems to regulate the expression of TH, of aromatic amino-acid carboxylase, of the DA transporter, and of the vesicular monoamine transporter, which are the phenotypic markers of DA neurons [46] . Nurr1 expression tends to decrease in midbrain DA neurons in an age-dependent manner; this process may help to clarify the pathogenesis of PD. Nurr1 regulates the transcription of many target substrates and it is also precisely controlled by related signaling pathways. MAPK pathways are involved in the activation and induction of Nurr1. The apoptosis signal-regulating kinase 1-p38 pathway mediates the cytoplasmic translocation of Nurr1 on exposure to oxidative stress [47] . The phosphorylation of Nurr1 by extracellular signal-regulated kinases 1/2 upregulates the transcription of TH.
Research has shown that Nurr1 regulates axon genesis and maintains the fiber integrity of mesencephalic DA (mDA) neurons. Moreover, Nurr1 may play an antiinflammatory role in maintaining the survival of neurons. Liu et al. showed that Nurr1 restrains the expression of C-C motif chemokine ligand 2, leading to decreased release of TNF-a and interleukin-1b in PD models both in vivo and in vitro [48] . Interestingly, Nurr1 can recruit the CoREST corepressor complex to clear nuclear factor-jB (NFkB)-p65 in microglia and astrocytes in order to repress exaggerated inflammation and protect DA neurons [49, 50] . Mitochondrial dysfunction is thought to be an important contributor to the pathology of PD. Nurr1 is also involved in the survival of DA neurons by regulating mitochondrial function. When adult mice are treated with tamoxifen to induce conditional ablation of Nurr1, the expression of 90% of all genes concerned with oxidative phosphorylation is down-regulated in Nurr1-ablated DA neurons, implying a critical role of Nurr1 in respiratory processes [51] . In addition, evidence indicates an interplay between Nurr1 and a-synuclein. Nurr1 is involved in the function of GDNF via regulation of its receptors [52] . However, conditional expression of a-synuclein disrupts this function and promotes the degradation of Nurr1. Conversely, decreased Nurr1 expression previously reported in patients with PD may transcriptionally induce the expression of a-synuclein [53] . DA neurons in heterozygous Nurr1-deficient (Nurr1 ?/-) mice have been found to be more sensitive to toxic stress, including exposure to lactacystin or MPTP [54] . Mutations in the Nurr1 gene are associated with familial and sporadic PD [55] . Taken together, Nurr1 assists in the development of midbrain DA neurons, maintaining normal respiratory chains, supporting neurotrophic signal propagation, resisting exaggerated inflammation, and decreasing the susceptibility to environmental stimuli and neurotoxins.
Pitx3
Pitx3 is one of the homeodomain-containing transcription factors. The Pitx3 protein comprises 302 amino-acids with 98% identity in the mouse and human. An OAR domain is situated at the C-terminal of the protein, which has been reported to restrain cartilage homeoprotein 1 protein transcriptional activity by binding to DNA [56] .
Pitx3 defines a pathway for the development and survival of midbrain DA neurons. This pathway has been investigated in young adult Pitx3-null mice (Pitx3 -/-) that show decreased TH staining and display impaired motor coordination, implying a critical role of Pitx3 in DA neuronal development. Evidence shows that Pitx3 directly binds to the promoter of the TH gene and upregulates its expression [57] . Neurotrophic factors like BDNF and GDNF play a critical role in protecting DA neurons [58] . In SH-SY5Y cells and primary cultures, Pitx3 modulates the transcription and translation of both BDNF and GDNF. Astrocytes overexpressing Pitx3 produce more neurotrophic factor and protect DA neurons from rotenoneinduced injury. MiR-133b is specifically enriched in the midbrain and deficient in patients with PD. Pitx3 has been reported to regulate the transcription of precursor-miR133b. Pitx3 directly binds to the promoter of miR-133b sequences and modulates the expression of miR-133b precursors [59] . In addition, activation of the mTOR pathway increases striatal dopamine concentrations and the mRNA levels of Pitx3, En1, and Nurr1, which protect DA neurons in genetic and neurotoxin-induced (MPTP or 6-OHDA) mouse models of PD.
En1/2
The homeoproteins En1/2 not only serve as a survival factor for mDA neurons during development, but continue to play a neuroprotective role in adult DA neurons [60] . There are five distinct subregions within the protein, designated EH1-5. EH4 is a homeodomain composed of a highly conserved stretch of *60 amino-acids. The EH1 and EH5 domains function to repress transcriptional activity. The EH2/3 domains determine the affinity of the protein to DNA. The phosphorylation of a common serinerich site in EH2 increases the DNA binding of recombinant engrailed several-fold [61] .
En1/2 play a vital role in the development of mDA neurons. En1/2 are initially expressed on embryonic day E8 in a cluster of cells in the midbrain. Mice deficient in both genes (En1 -/-; En2 -/-) die at birth and exhibit a loss of DA neurons, while the loss of one En1 allele (En1 -/? ) results in the progressive loss of mDA neurons at 6 weeks after birth [62] . In addition, En1 assists in the protection of DA neurons from death in PD animal models induced by 6-OHDA, MPTP, and A30P a-synuclein, indicating its critical role in the survival and maintenance of DA neurons during adulthood. It has been reported that En1/2 survival activity is mediated through both the activation of the Erk1/2 MAPK survival pathway and suppression of the pro-apoptotic activity of p75 neurotrophin receptor [63] . En2 has also been reported to activate the phosphatidylinositol 3-kinase/AKT pathway and inhibit PTEN [64] . Mitochondrial dysfunction is considered to be a cause of PD, and En1/2 have been reported to regulate the activity of mitochondria. Transduction of En1/2 proteins stimulates the translation of nuclearencoded mitochondrial mRNAs of Ndufs1/Ndufs3, subunits of complex I, leading to elevated complex I activity through the mTOR pathway [65, 66] .
Signaling and Dysregulation of Transcription Factors in Neuronal Degeneration
Cell death is often imposed on DA neurons by extracellular or intracellular stimuli including oxidative stress, microglia activation, chronic inflammation, exposure to neurotoxins, and DNA damage [67] . Although the mechanisms leading to survival or death are not fully understood, it is clear that a growing number of pathways are dysregulated and involved in linking these stimuli with the cell-death machinery. Moreover, these pathways interplay with transcription factors. They can regulate or be modulated by transcription factors. The dysfunction of certain signaling pathways is always found in animal models and in patients with PD. Testing the critical molecules in these signaling pathways may help to elucidate how transcription factor biomarkers reflect the degeneration of DA neurons more sensitively and precisely.
MAPK Pathways and Neuronal Death
MAPKs are serine-threonine protein kinases that regulate cell differentiation, inflammation, innate immunity, apoptosis, and survival. MAPKs comprise three types: p38 MAPK, c-Jun NH2-terminal kinase (JNK), and extracellular signal-regulated kinase (ERK) [68] . MAPKs mediate the activation of microglia and neuroinflammation, maintain the homeostasis of mitochondria, regulate ER stress, and phosphorylate and regulate the expression of Bcl-2 protein family members. Increasing experimental evidence shows that neurotoxins (such as 6-OHDA, MPTP, and rotenone) selectively phosphorylate p38 MAPK in DA neurons. Phosphorylated p38 MAPK affects apoptosis by phosphorylating neuronal survival factor MEF2s, inducing the translocation of Nurr1, and activating NF-jB [47, 69] . Modulating ERK signaling in patients with PD may protect DA neurons and potentially have therapeutic effects on motor dysfunction [70] .
Role of the PI3K/AKT/mTOR Pathway in Neuronal Degeneration
PI3Ks are responsible for propagating signals arising from cytokines, growth factors, and hormones into intracellular communication by generating phospholipids. AKT, a crucial signaling mediator downstream of PI3K, is a serine/threonine protein kinase regulating multiple cellular processes including proliferation, metabolism, autophagy, and cell survival. The central hubs of this network are PI3K/AKT and mTOR signaling. PI3K-AKT signaling is defective in PD and is associated with loss of DA neurons. In addition, the PI3K/AKT signaling pathway has been reported to regulate Leucine-rich repeat kinase2 (LRRK2), PTEN-induced putative kinase 1 (PINK1), and DJ-1 whose mutations are thought to be a cause of familial PD. This pathway could also modulate the autophagic activity that regulates clearance of the protein aggregates occurring in neurodegeneration, to protect DA neurons. Moreover, certain transcription factors are modulated by this pathway. It has been revealed that activated PI3K/AKT/mTOR pathways increase the mRNA levels of Pitx3 and En1/2 [71] .
Other Pathways Associated with DA Neurons NF-jB is involved in inflammation pathways and plays an important role in neurodegenerative disorders. TNF-a is one of the most powerful activators of the pathway. Once activated, NF-jB transcription factors translocate to the nucleus and regulate the transcription of target genes [72] . Other pathways, like Wnt and CREB signaling pathways, also regulate the transcription of genes or the modification of proteins, resulting in the death or survival of DA neurons.
Transcription Factors as Potential Biomarkers Reflecting the Death of DA Neurons
PD has a long preclinical period, during which motor dysfunction is inconspicuous while DA neurons are starting to degenerate [73] . With traditional diagnostic methods, early diagnosis and timely therapeutic intervention are difficult to achieve. The loss of DA neurons signifies the onset of PD, which can occur decades before classical symptoms emerge. Methods that allow the detection of degenerating DA neurons in the preclinical phase are therefore urgently needed. Biomarkers seem to be one solution to this problem, and great efforts have been devoted to the selection of potential candidates reflecting the degeneration of neurons. Encouragingly, several kinds of biomarkers have been examined and reported, including markers for non-motor dysfunctions, genetic mutations, and biochemical and metabolic molecules [74] . Emerging evidence has shown that transcription factors have significant functions in the maintenance and survival of DA neurons. They can be detected in biological fluids in humans and are positively associated with an increased risk for PD. They may serve to mirror the degeneration of DA neurons, help diagnosis in the preclinical phase, track disease progression, and assess the effect of therapeutic interventions [75, 76] . Transcription factors are therefore one of the potential candidates for biomarkers in the diagnosis of PD.
It has been revealed that each MEF2 isoform has a unique distribution pattern in a different region of the brain [77] . Considering the critical role of MEF2s in the survival of DA neurons and their abundant expression in neurons, it seems that MEF2s could be used as a biomarker, reflecting the death of neurons and indicating PD. The biomarker research regarding MEF2s is still lacking, and great efforts are needed in order to make possible the clinical use of MEF2s in the diagnosis of PD.
Studies have revealed that a decrease of Nurr1 tends to be coupled with the loss of DA neurons in PD, suggesting its potential as a biomarker for neuronal death. A research team recently measured NURR1 and PITX3 gene expression in 255 PD patients and 211 age-and gender-matched healthy controls. The results, measured in human peripheral blood lymphocytes (PBLs), indicated decreased NURR1 and PITX3 gene expression in Chinese patients with PD [78] . Another study showed that 60-year-old or older female patients with PD show lower levels of NURR1 expression in PBLs [79] . When a research team recently measured the expression levels of genes in the NR4A subfamily in patients with PD and AD, they found that, similar to the results from PBLs, the levels of not only Nurr1 but all subfamily members were decreased in patients with PD [80] . Decreased expression of the NURR1 gene in PBLs may help differentiate individuals with PD from patients with other disorders associated with impaired central nervous system function. Unfortunately, no study has yet reported the testing and analysis of Nurr1 in CSF. A validation of the results from PBLs in CSF would be convincing and useful for further research.
Pitx3 is expressed in a group of mDA neurons in the ventral tegmental area and SNc. In addition, evidence has shown that several single-nucleotide polymorphisms of the PITX3 gene are associated with a higher risk or early onset of PD [81] . The gene expression of PITX3 was measured in human PBLs from 255 Chinese patients with PD and 211 healthy controls using a quantitative real-time PCR technique. Surprisingly, the expression of the PITX3 gene is reduced in the PBLs of Chinese patients with PD [78] . In males and older individuals, decreased PITX3 gene expression is associated with an increased risk for PD, indicating the possible systemic involvement of this gene in PD. There is no research on Pitx3 in other biological fluids. Even though Pitx3 seems to be promising as a biomarker for PD, further validation is required.
The expression of En1/2 starts early, at embryonic day E8, and becomes restricted to mDA neurons in the adult. Diana et al. have reported that En1 protein is expressed in solid-type salivary gland adenoid cystic carcinoma and correlates with a significantly lower survival rate, indicating its potential as a biomarker for this cancer [82] . In addition, En2 protein can be detected in urine by ELISA, and its average levels are higher in patients with prostate and bladder cancer [83, 84] . As for the crucial role of En1/2 in the development, maintenance, and survival of DA neurons, there is a possibility for the protein to be a biomarker indicating the death of DA neurons.
Regrettably the transcription factors mentioned above have not been used in clinical diagnosis, great efforts are needed to promote the application of them. Promising results need to be validated in more biological materials, including CSF, plasma, urine, and saliva, to increase the accuracy of diagnosis. Moreover, the levels of biomarkers in different groups of PD patients are controversial. Standards for biomarker research are urgently needed to eliminate irrelevant factors. Furthermore, sample sizes should be expanded in future studies that aim to transfer the promising laboratory results to clinical testing.
Conclusions
In the past decades, a-synuclein, Ab, and other molecules have been examined and linked to the diagnosis of PD [85] . However, most biomarkers have not achieved routine clinical use. Certain transcription factors are directly involved in the survival of DA neurons. Alterations in the levels of these factors indicate the death of DA neurons. These factors therefore have been suggested to reflect disease progression and to help diagnosing PD in the preclinical phase. It is almost impossible to deduce the death of DA neurons from one molecule only. Transcription factor biomarkers play a crucial role in predicting the death of DA neurons, and can play an important role in diagnosing PD more precisely and sensitively, in combination with other biomarkers.
